Many studies have noted that the bones of the human upper limb display bilateral asymmetry, commonly linking this asymmetry in external and internal morphology to handedness and lateralization. Few studies, however, have attempted to track asymmetry throughout ontogeny. This study assesses the ontogenetic development of cortical and trabecular bone asymmetry in the humerus. We predict that directional asymmetry in structural properties will emerge in concert with hand preference and increased activity levels during the juvenile period. Paired humeri from 57 individuals from the Norris Farms #36 archaeological skeletal collection ranging in age from neonate to adult were used in the current study. Cortical bone cross-sectional properties and three-dimensional trabecular bone structure were quantified from microcomputed tomography data. The results indicate significant absolute asymmetry in all measured cortical and trabecular bone variables across all ages. Trabecular bone displays significantly higher absolute asymmetry than cortical bone. Contrary to expectations, however, this study found very little evidence for significant directional asymmetry in humeral length and cortical or trabecular bone variables, except in adults. The presence of significant absolute asymmetry in all age groups, and the lack of significant directional asymmetry in almost all variables at all ages, suggests that structural differences due to higher levels of habitual loading in the dominant arm are overlain on a template of potentially significant existing asymmetry. Anat Rec, 00:000-000, 2018. V C 2017 Wiley Periodicals, Inc. It has long been observed that the bones of the human upper limb display bilateral asymmetry, a phenomenon that has been linked to handedness and lateralization (Trinkaus et al., 1994; Lazenby, 2002) . These asymmetric skeletal morphologies typically have been interpreted in the context of bone functional adaptation, with differential loading of the dominant and non-dominant upper limbs during activity implicated as the principle factor leading to the observed, typically, right-side bias. Analyses of bilateral asymmetry in the upper limb, therefore, represent a sort of natural experiment that can be used to investigate bone functional adaptation in the context of normal human behavior. The presence of significant left-right skeletal asymmetry, in turn, provides strong evidence for a link between behavior and bone structure and provides a foundation upon which behavioral reconstructions in the hominin fossil and archaeological record can be based.
It has long been observed that the bones of the human upper limb display bilateral asymmetry, a phenomenon that has been linked to handedness and lateralization (Trinkaus et al., 1994; Lazenby, 2002) . These asymmetric skeletal morphologies typically have been interpreted in the context of bone functional adaptation, with differential loading of the dominant and non-dominant upper limbs during activity implicated as the principle factor leading to the observed, typically, right-side bias. Analyses of bilateral asymmetry in the upper limb, therefore, represent a sort of natural experiment that can be used to investigate bone functional adaptation in the context of normal human behavior. The presence of significant left-right skeletal asymmetry, in turn, provides strong evidence for a link between behavior and bone structure and provides a foundation upon which behavioral reconstructions in the hominin fossil and archaeological record can be based.
Many studies have focused on asymmetry in adults from archaeological samples with inferred behaviors (Pfeiffer, 1980; Ruff and Jones, 1981; Stirland, 1993; Steele and Mays, 1995; Auerbach and Ruff, 2006; Auerbach and Raxter, 2008; Lazenby et al., 2008; Blackburn, 2011) or have used living athletes with diverse, repetitive activities as models for understanding the role of biomechanical loading in driving observed variation in bone structure (Trinkaus et al., 1994; Shaw and Stock, 2009; Shaw, 2011; Warden et al., 2014) . The latter studies provide apparently direct evidence for a link between differential upper limb loading and skeletal asymmetry, and by extension, strong support for a relationship between biomechanical loading and bone functional adaptation. Trinkaus et al. (1994) found significant asymmetries in cortical bone cross-sectional geometric properties of the humerus in modern tennis players, with players always showing increased cross-sectional cortical area in their dominant arm, and showing increased cross-sectional medullary area in the nondominant arm in 86.7% of their sample, supporting earlier work by Jones et al. (1977) , and demonstrating that intense unilateral activities can produce dramatic asymmetries in skeletal morphology. Shaw and Stock (2009) similarly assessed asymmetry in swimmers, cricket bowlers, and non-athlete controls, finding increased bone strength characteristics in athletes compared to controls, and bilateral asymmetry favoring the dominant arm in the throwers (Shaw and Stock, 2009 ). Shaw (2011) extended these findings with a more diverse sample of athletes and skeletal elements, demonstrating a link between handedness and cortical bone asymmetry in the ulna and humerus.
Although most studies of bilateral asymmetry have focused on either external osteological characters (e.g., length, epicondylar breadth, midshaft breadth, etc), or cortical bone cross-sectional geometric properties, there has been considerably less analysis of asymmetry in the internal trabecular bone architecture of upper limb joints. Lazenby et al. (2008) investigated bilateral asymmetry in the three-dimensional trabecular bone structure of the second metacarpal head in a sample of adult humans from an historic cemetery sample of 19th Century Eurocanadians, and found significant right-biased directional asymmetry in functionally-relevant trabecular bone features, including bone volume fraction.
All of these studies have found significant bilateral asymmetry with a distinct right side bias, implicating functional adaptation to differential mechanical loading during life. In spite of its relevance for understanding bilateral asymmetry, however, there have been very few studies investigating bilateral asymmetry in upper limb elements during ontogeny. The two most relevant studies that have looked at ontogeny of humeral asymmetry in archeological samples are Steele and Mays (1995) and Blackburn (2011) . Steele and Mays (1995) compiled a sample of 271 individuals from a single cemetery sample ranging from the 10th to 19th Centuries. This study found a slight leftward bias in humeral length in the perinatal infants (N 5 14) , that then switched to a steadily increasing rightward bias of asymmetry in all juvenile and adult individuals. Building upon Steele and Mays (1995) , Blackburn (2011) also found a significant shift in right-biased directional asymmetry in humeral length, epicondylar breadth, and midshaft breadth after 1 year of age in eleven European skeletal samples (total N 5 435), spanning from Romano-British age settlements through the 19th Century.
The results of Steele and Mays (1995) and Blackburn (2011) strongly suggest that directional asymmetry in linear measures of skeletal elements tracks behavioral changes during ontogeny related to the onset of hand preference and the subsequent increase in physical activity with age. Tracking the development of asymmetry during growth provides an opportunity to link more precisely bone adaptation with behavioral changes during ontogeny. However, what remains to be tested is if these trends in gross humeral asymmetry also extend to the internal properties of cortical and trabecular bone.
The goal of the present study is to analyze ontogenetic development of asymmetry in both cortical bone cross-sectional geometric (CSG) properties and threedimensional (3D) trabecular bone structure in the humerus using microcomputed tomography (microCT) data. If behavioral loading is the primary determinant of adult humeral asymmetry, it is predicted that infants should show little to no signs of directional asymmetry due to relatively low levels of loading of the dominant arm. As handedness develops during the infant period (Ramsay, 1980; Butterworth and Hopkins, 1993; Potier et al., 2013) , and activity levels subsequently increase during the later juvenile period, the humerus should begin to show a trend towards greater directional asymmetry. Conversely, if significant asymmetry is present from birth, this would suggest either a strong genetic component or asymmetrical intra-uterine motor development as contributing factors driving the observed pattern of humeral asymmetry in adults.
To test these predictions, we measure asymmetry in an archaeological sample of Native Americans from Illinois that have not been previously assessed for upper limb asymmetry. The Norris Farms #36 site is a late Prehistoric cemetery from the central Illinois River Valley dating to approximately 1300 AD with graves containing one or more individuals associated with the Oneota cultural tradition of village agriculturalists (Santure et al., 1990) . It has been suggested by Hart (1990) that the Oneota of this period engaged in a mixed subsistence strategy involving low-intensity maize agriculture coupled with hunting and gathering, a view that has been supported by isotopic analysis of diet in the Norris Farms sample by Buikstra and Milner (1991) . Previous bilateral asymmetry studies of adults from similar archaeological populations by Ruff and Jones (1981) and Weiss (2009) have found evidence of sex differences in humeral asymmetry consistent with hypotheses on sexual division of labor in these populations. We expect osteological markers assessed in this study to be reflective of general manual activity patterns in the sample population, and asymmetry results to be consistent with previous studies of prehistoric North American agricultural populations (Ruff and Jones 1981; Trinkaus et al. 1994; Auerbach and Ruff, 2006; Weiss 2009) , and comparable to research on samples of prehistoric and medieval European agricultural populations (Auerbach and Ruff, 2006; Lazenby et al., 2008; Blackburn, 2011) .
MATERIALS AND METHODS Skeletal Collection
Matched left and right humeral remains of 57 individuals from the Norris Farms #36 archaeological skeletal collection were used in this study. The remains are relatively well-preserved and free of taphonomic damage as a result of their deep burial in thick loess deposits. All individuals included in this analysis were free from observable bone pathologies. Individuals were only used if both right and left humeri were sufficiently preserved with intact and undamaged diaphyses to allow for the accurate measurement of cortical bone CSG properties and well-preserved proximal metaphyses for the analysis of 3D trabecular bone structure (Fig. 1) . 
DEVELOPMENT OF HUMERAL ASYMMETRY
Age-at-death estimates for the individuals used in this study were taken from a previously published analysis of this skeletal collection by Milner et al. (1989) . Juvenile individuals were aged on the basis of dental eruption and epiphyseal closure (Milner et al., 1989) . Estimated individual age in the juvenile sample typically ranged from a 1-to 3-year interval (e.g., estimated at 7-9 years). Individuals were assigned to one of four age groups (0-12 months; 1-8 years; 9-17 years; >18 years) based on the methodology used by Blackburn (2011;  Table 1 ). Further reduction of the juvenile sample into smaller age intervals, such as those used in Steele and Mays (1995) , was not possible because of sample density. Individuals with estimates spanning two age categories (N 5 12) were assigned based on the average age estimated. Sex differences in the development of humeral asymmetry were not assessed because the sex of the juvenile individuals in the sample was not known. The potential role of sexual division of labor on humeral asymmetry can be assessed in the adult sample, for which sex assignments have been inferred (Milner et al. 1989) .
The entire Norris Farms #36 burial sample is represented by 264 individuals that are mostly represented by juveniles aged 0-5 and by adults older than 45 years (Milner et al., 1989) . Additionally, some individuals within the total burial sample show evidence of tuberculosis, anemia, and syphilis. Some age groups were disproportionately affected by certain conditions, for instance within the total sample 81% of juveniles under 15 years show some osteological evidence of anemia (Milner et al., 1990) . The sample subset used in the present study attempted to retrieve as many skeletal pathology free individuals for each age group as possible, however individuals younger than 1 year and between the ages of 9 and 17 are not well-represented in the collection as a whole and therefore had correspondingly small samples in this study. Approximately one third of all adults from the burial site show signs of skeletal trauma that have been related to warfare, affecting both males and females (Milner and Ferrell, 2011) .
Data Acquisition and Analysis
All bones were scanned on the OMNI-X HD-600 microCT scanner (Varian Medical Systems, Lincolnshire, IL) at the Center for Quantitative Imaging at The Pennsylvania State University. Each specimen was mounted inside an acrylic tube and was secured in anatomical position using low-density polyethylene foam disks during scanning. All microCT scans were collected using the X-TEK microfocus X-ray source with energy settings of 180 kV and 0.11 mA, 2,400 views, two samples per view, and a Feldkamp reconstruction algorithm. Image data were reconstructed as 16-bit TIFF grayscale images with a 1024 3 1024 pixel grid.
Two sets of scans were collected for each specimen. For the cortical bone CSG analyses, serial crosssectional scans were collected perpendicular to the longitudinal axis of the bone, beginning at the distal-most aspect of the humerus and proceeding proximally to transect the entire element. Most of the juvenile specimens were scanned with an x, y pixel size of 0.073 mm and a slice thickness of 0.078 mm, while the humeri of individuals over 18 were scanned with an x, y pixel size of 0.080 mm and a slice thickness of 0.085 mm. A single slice at midshaft was collected for the adult humeri used in the sample, while a second set of higher-resolution scans were collected for the analyses of trabecular bone structure. Approximately 20%-25% of the proximal end of the bone was scanned to include all of the metaphysis and epiphysis, when present. These higher-resolution scans were collected with x, y pixel sizes ranging from 0.020 to 0.055 mm and slice thicknesses ranging from 0.022 to 0.058 mm, depending on specimen size. The highest possible spatial resolution was used for each specimen based on the size of the bone.
Total humeral length was measured from the full bone CT image data using ImageJ (Schneider et al., 2012) . Because the specimens used in this study derive from an archaeological skeletal sample, unfused proximal and distal epiphyses were not available for all individuals. For the purposes of this study, therefore, humeral length was defined as the distance between the proximal-most metaphyseal surface and the distal-most extent of the bone. In older individuals this length included the distal epiphysis, while in younger individuals, the bone length was proximal metaphysis to distal metaphysis. The midshaft location was defined as the midpoint of bone length. For the individuals in the sample with fused epiphyses, the proximal-most extension of the proximal metaphysis was identified in ImageJ using the microCT images. This protocol effectively standardized humeral length and midshaft location in both immature and adult individuals to allow for homologous comparison.
Cortical bone CSG properties were calculated using the BoneJ plugin for ImageJ (Doube et al., 2010 ). An optimized threshold value was calculated for the midshaft cross-section for each bone using the iterative isodata algorithm (Ridler and Calvard, 1978; Trussell, 1979) . Standard CSG variables were calculated for each thresholded midshaft cross-section including the cortical bone area (CA, mm 2 ), the maximum and minimum principle (second) moments of area (I max , I min ), and the polar moment of area (J). Polar moment of area is an estimate of torsional and twice average bending strength of the bone, and was calculated as the sum of the maximum and minimum second moments of area (I max 1 I min ; Ruff, 2003) . Diaphyseal shape (Z pol ) was characterized using I max /I min . A total of 57 individuals were analyzed in the cortical bone CSG portion of the study.
Trabecular bone structure was quantified in a single volume of interest (VOI) from the proximal metaphysis of each bone. The VOI was positioned beneath the proximalmost extent of the metaphysis along the medial margin of the bone to capture the developing trabecular structure of the humeral head. The size and position of each VOI was determined based on the maximum extents bounding box of the metaphysis. The size of each VOI was defined as 25% of the anteroposterior dimension of the left humeral metaphysis. The proximal extent of the VOI was positioned below the proximal metaphyseal margin at a distance equal to the edge length of the VOI. The VOIs for each individual were positioned in the same manner in both humeri using the VOI size determined for the left metaphysis, as depicted in Figure 2 . Three-dimensional trabecular bone morphometric features were quantified using the BoneJ plugin. Five morphometric variables were quantified for each VOI: bone volume fraction (BV/TV), trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), connectivity density (Conn.D), and degree of anisotropy (DA). See Shaw and Ryan (2012) for detailed explanations of the variables used. Due to internal and external damage to the metaphysis of some specimens, not all individuals used in the cortical bone analysis were available for trabecular bone analysis. A sample of 45 individuals was used for the trabecular bone structural analysis.
Standardized asymmetry was calculated for each individual using the formula described by Van Valen (1962) :
Directional asymmetry is calculated such that positive values represent right-biased asymmetry and negative values represent left-biased asymmetry. Absolute asymmetry (%AA) was calculated to provide the magnitude of asymmetry independent of directionality (Auerbach and Ruff, 2006; Blackburn, 2011) :
Directional and absolute asymmetry were calculated for both the cortical CSG and trabecular bone structural variables.
Statistical Analyses
One sample Wilcoxon signed-rank tests were used to test for presence of asymmetry within groups, and a Mann-Whitney U test was used to test for differences in asymmetry between groups based on the methods of Blackburn (2011) . Wilcoxon signed-rank tests were performed for each paired right-left measure within each age group to test the hypothesis that bone structures influenced by mechanical loading should show increasing directional asymmetry with age, corresponding to the development of handedness and increasing workload with age.
The Wilcoxon signed-rank test does not assume that paired samples are independent or normally distributed, and tests the null hypothesis that the medians of the paired data sets are equal. The Wilcoxon signed-rank test does, however, assume that sample distributions are symmetrical (Crichton, 2000; Taheri and Hesamian, 2013) . The lawstat package for R developed by Gastwirth et al. (2013) based on the test for symmetry found in Miao et al. (2006) was used to evaluate symmetry within the full sample for each measure taken. For the measures that were not symmetric, a natural log transformation was used (%AA CA, %AA J, and %AA DA); two measures were dropped from this part of the analysis when transformations failed to make them meet the test assumptions (%AA Tb.Sp and %AA Conn.D). One caveat in using the one-sample Wilcoxon signed rank test for this study is that sample sizes are much lower than in Blackburn (2011) , meaning the tests have low power for determining significance. Summary statistics for the sample are also reported to allow for comparison with other studies in the absence of robust testing.
To evaluate whether asymmetry changes with increasing age, Mann-Whitney U tests were performed on each measure between each group using the untransformed asymmetry data. Mann-Whitney U tests were also performed between variables for the entire pooled sample to test whether there were significant differences in the amount of asymmetry in each measure. If absolute asymmetry is emerging in each measure equally with age, there should be no significant differences between measures of the same type (i.e., all cortical bone properties should have similar distributions). However, measures more affected by activity may show significantly different distributions of asymmetry when compared to measures less influenced by mechanical force. Additionally, we tested for sex differences in asymmetry in the adult sample (males N 5 8, females N 5 9), hypothetically driven by a sexual division of labor as found in studies of similar archaeological populations by Ruff and Jones (1981) and Weiss (2009) , using a Kruskal-Wallis test first to test for differences in degree of asymmetry for each measure. The null hypotheses were rejected for P-values <0.05. All statistical analyses were performed in R (R Development Core Team, 2013).
RESULTS
Summary statistics for each cortical and trabecular bone variable across the four age groups are listed in Tables 2  and 3 , respectively. Representative cortical bone crosssections and trabecular bone VOIs are shown in Figure 3 . All cortical bone length and CSG properties increase with age. There is a trend of increasing mean Tb.Th and Tb.Sp, decreasing mean Conn.D, and relatively similar mean BV/ TV and DA values with age (Table 3) .
Patterns of change in %DA (Tables 4 and 5 ) and %AA (Tables 6 and 7) for the cortical and trabecular bone variables are less clear. While there is a general increase of mean %AA with age for cortical CSG properties, there DEVELOPMENT OF HUMERAL ASYMMETRY appears to be no clear pattern to the changes in trabecular mean %DA or %AA (Fig. 4) .
Wilcoxon signed-rank tests for %DA are not significant for any cortical bone properties in the sub-adult individuals (Table 4) . Two of the three cortical measures (Imax/ Imin, J) do show significant directional asymmetry in the adult sample. There is very little significant directional asymmetry in trabecular bone variables across the age groups, with only Conn.D. in age group 1, and Tb.Th in age Group 2, showing significance (Table 5) . Wilcoxon signed-rank tests for %AA reveal significant absolute asymmetry for every measured variable (Tables 6 and 7) .
Mann Whitney U tests indicate significant differences in %DA of humeral length between age Groups 1 and 2 (P < 0.05) and 1 and 4 (P < 0.05). Significant differences in %AA were for J between age Groups 1 and 3 (P < 0.05) and for Imax/Imin between age Groups 1 and 4 (P < 0.05). No significant differences in %DA were found between age groups in cortical bone CSG variables, but there are several significant differences in %DA across age groups for trabecular bone variables (Fig. 4) . Conn.D %DA for Group 1 is significantly different than all older groups (Group 1 vs. 2: P < 0.01; Group 1 vs. 3: P < 0.05; Group 1 vs. 4: P < 0.01). Conn.D %AA is also significantly higher in Group 1 than in all other age groups (Group 1 vs. 2: P < 0.01; Group 1 vs. 3: P < 0.01; Group 1 vs. 4: P < 0.05). Asymmetry in Conn.D is very high in young individuals and reduces with age with no significant differences in either %DA or %AA between Groups 2, 3, and 4. The only other difference between age groups is in %DA for the degree of anisotropy, which is significantly different between Groups 3 and 4 (P < 0.05).
Tests for sex differences in asymmetry only found significant differences in two directional asymmetry values, humeral length and trabecular thickness. Males showed greater right side bias in trabecular thickness asymmetry, while females showed greater right side bias in humeral length asymmetry. No sex differences were found in any absolute asymmetry values. These results are summarized in Supplementary Table S1 .
In general, there appears to be greater asymmetry in trabecular bone variables than in cortical bone CSG properties and metaphyseal length across all ages. Trabecular bone variables such as BV/TV and Conn.D display more asymmetry than any of the cortical bone variables (Fig.  4) . Mann-Whitney U tests comparing %DA and %AA in cortical and trabecular bone variables indicate that BV/ TV, Conn.D, and Tb.Sp have significantly higher %AA compared to all three cortical bone CSG properties (Table  8) . Degree of anisotropy is significantly different from all three cortical bone properties in %DA.
DISCUSSION
We hypothesized that directional asymmetry in mechanically-relevant cortical and trabecular bone variables of the humerus would increase with age, especially after age 10, reflecting the development of handedness and increased asymmetrical use of the arms during normal activities. Our analysis of ontogenetic changes in the humerus from the Norris Farms archaeological sample found that humeral midshaft cross-sectional properties and 3D trabecular bone structure of the proximal humerus display significant absolute asymmetry throughout all stages of life. In general, the pattern of directional asymmetry becomes increasingly right biased with increasing age within this sample.
Contrary to expectations, we were unable to find a statistically significant shift in directional asymmetry during the juvenile period for most bone features considered, with significant directional asymmetry only appearing in cortical bone variables in the adults in our sample. This lack of detectable significant change in directional asymmetry across age groups may be a result of small sample sizes. In terms of pattern, it does appear that diaphyseal shape (I max /I min ) and polar moment of inertia (J) did steadily increase in directional asymmetry toward the right across the juvenile sample, and that cortical area (CA) absolute asymmetry generally Table 1 .
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increased across the sample, but with no significant directionality. Patterns in trabecular asymmetry were difficult to discern, except for in Conn.D which greatly decreased in absolute asymmetry with increasing age.
The presence of significant absolute asymmetry through all stages of life in both cortical and trabecular bone features suggests that developmental programs are not necessarily symmetrical in expression and that any structural differences due to higher levels of habitual loading in the dominant arm are overlain on a template of existing asymmetry. This presence of asymmetry even in the youngest individuals is consistent with the findings of Steele and Mays (1995) who reported left biased asymmetry in perinatal infant remains from an archaeological sample, and with Blackburn (2011) who found significant absolute asymmetry in infants ranging from perinatal to 1 year.
In our adult sample there is significant right-biased directional asymmetry in the cortical bone cross-sectional shape (I max /I min ) and polar moment of inertia (J). This strongly suggests that normal mechanical loading of the diaphysis in adults is capable of producing asymmetry in cortical bone cross-sectional properties. This finding is consistent with several studies of bilateral asymmetry in modern human adults and extinct hominins (Ruff and Jones, 1981; Trinkaus et al., 1994; Shaw and Stock, 2009; Shaw, 2011; Warden et al., 2014) . Our results for CA directional asymmetry in the adult sample were not significant, and our values are slightly lower than those reported by Trinkaus et al. (1994) and Weiss (2009) from similar archaeological populations, but within the range reported by Ruff and Jones (1981) . This difference may be in part from cross-sectional sampling procedure differences in the present study (microCT midslice taken from 50% midshaft) compared with previous studies (CA estimated from external measures taken at varying positions along the diaphysis). This could also reflect habitual loading differences between populations sampled by our study and others. A comparison of the directional asymmetry results of the present study to previous studies is presented in Table 9 . We found little significant differences in degree of directional asymmetry for cortical and trabecular variables between adult males and females. Males showed greater right-biased asymmetry in trabecular thickness, while females showed greater right-biased humeral length asymmetry. While not significantly different, the 
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degree of directional asymmetry found in males for most variables tended to be higher, and were similar in magnitude to male asymmetry values for cortical CSG properties reported in Weiss (2009) . Females in our sample also tended to have less asymmetry, consistent with both Ruff and Jones (1981) and Weiss (2009) , except for in degree of anisotropy. We are cautious in overinterpreting the role of sexual division of labor in driving these results because of the small comparative sample of males and females and because of limited direct knowledge of labor practices in the Norris Farms sample. The lack of significant directional asymmetry in our juvenile sample may be interpreted in light of both biological and mechanical loading changes throughout life. Heightened responsiveness of the periosteal surface to mechanical forces during peri-puberty may account for later onset of observable directional asymmetry in cortical bone (Gosman et al., 2011) . Additionally, it is possible that differential limb loading is minimal in this population during the early juvenile period, but increases in late adolescence and adulthood as individuals engage more frequently in food production and other intensive activities. The lack of similar directional asymmetry in the trabecular bone could also indicate that normal differential loading of the shoulder is not pronounced enough to produce structural differences in the proximal humerus. Alternatively, the practice of bimanual activities may reduce the presence of asymmetry, as found in British Columbian Amerinds, in which adult males showed reduced asymmetry in their humerus, attributed to rowing activity in that population (Weiss 2009 ).
In spite of the wide interest in 3D trabecular bone structure and its relationship to dietary, locomotor, and other behaviors in humans and other primates (Ryan and Ketcham, 2002; Fajardo et al., 2007; Griffin et al., 2010; Ryan and Walker, 2010; Lazenby et al., 2011; Ryan and Shaw, 2012; Shaw and Ryan, 2012; Ryan and Shaw, 2015; Tsegai et al., 2013; Schilling et al., 2014; Skinner et al., 2015; Reeves et al., 2016; Stephens et al., 2016) , and studies of ontogenetic changes in trabecular bone (Ryan and Krovitz, 2006; Gosman and Ketcham, 2009; Raichlen et al., 2015) , there has been very little study of bilateral asymmetry of trabecular bone in the human skeleton. Lazenby et al. (2008) investigated directional asymmetry in the trabecular bone architecture of the adult human second metacarpal from a historic population and found significant right-side bias in several functionally-relevant structural variables, including higher bone volume fraction, surface density, trabecular number, connectivity, and more platelike trabeculae. Their results fit with the hypothesis that functional differences in hand use, and the consequential differences in mechanical loading, produce discernible structural differences of the distal metacarpal epiphysis. These results indicate that asymmetry could introduce confounding effects into samples. In contrast, a similar analysis by Skinner et al. (2015) reported low levels of absolute asymmetry in bone volume fraction within the first metacarpal of chimpanzees, bonobos, and humans.
The results of the present study fall between the findings of Lazenby et al. (2008) and Skinner et al. (2015) . While we did not find the same significant directional asymmetry towards the right side in most trabecular variables like Lazenby et al. (2008) , our results 
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DEVELOPMENT OF HUMERAL ASYMMETRY replicated significantly higher levels of absolute asymmetry in trabecular bone compared to cortical bone. Skinner et al. (2015) reported 4.1% mean absolute asymmetry of BV/TV in the adult MC1 head, in contrast we found 23.61% mean absolute asymmetry in BV/TV in the adult proximal humeral head, suggesting that unpredictable asymmetry is in fact a potential confounding factor at certain sampling sites, and should be considered when collecting trabecular bone data. These results also indicate that absolute asymmetry of trabecular bone may vary across different regions of the human skeleton. Differing levels of asymmetry across limb elements in humans would be consistent with the findings of Halgr ımmson et al. (2002), who reported a proximodistal increase of fluctuating asymmetry in linear measures of the fore-and hind limb in free-ranging rhesus macaques.
The results of the current study provide important insights into the plasticity and responsiveness of bone structure during ontogeny. Of all variables analyzed, humeral length displayed the lowest levels of directional and absolute asymmetry at all ages, as found previously (Trinkaus et al., 1994; Steele and Mays, 1995; Blackburn, 2011) . This result suggests, as expected, a higher level of canalization, or genetic programming, of this skeletal trait. Even though absolute asymmetry was broadly similar across cortical and trabecular bone, the significant right dominant directional asymmetry in functionally-relevant cortical bone cross-sectional properties (I max /I min , J) strongly suggests that cortical bone adapts in response to increased loading of humeral diaphysis, which is consistent with studies on physical activity and bilateral asymmetry (Shaw and Stock, 2009; Shaw, 2011; Warden et al., 2014) .
In comparison, the lack of significant directional asymmetry in trabecular bone structure likely indicates a lack of differential loading of the shoulder joint between right and left sides. Considering the fact that, in the absence of locomotor forces, loading of the human shoulder joint is likely to be relatively low during normal activity (Charlton and Johnson, 2006; Masjedi and Duffell, 2013) , mechanical differences between the two upper limbs may be more effectively reflected in cortical bone in response to bending and torsion of the diaphysis. These results are similar to those found by Shaw and Ryan (2012) in a comparison of cortical and trabecular bone properties in the humerus and femur of anthropoid primates. In that study, it was found that while humeral and femoral diaphyseal cortical bone appeared to reflect locomotor differences between species, humeral and femoral head trabecular bone did not appear to carry a locomotor signal. This result may also be reflective of habitual loading behaviors in the Norris Farms people, who engaged in a mix of agricultural production and hunter-gathering (Hart 1990 ) that may not have disproportionately loaded one shoulder more than the other. The significant differences in absolute asymmetry between cortical and trabecular bone across nearly all variables could also be related to the significant differences in surface area between the trabecular envelope and the periosteal and endosteal envelopes (Gosman et al., 2011) . The complex 3D mesh of rods and plates that makes up the trabecular bone compartment exposes a much greater amount of metabolically-active bone surface (Robling et al., 2006; Seeman and Delmas, 2006) . The significant bilateral asymmetry in trabecular bone may simply reflect this greater trabecular bone surface area and higher rates of bone (re)modeling compared to cortical bone. Under stereotypical loading conditions, the higher rates of (re)modeling in the trabecular envelope should conceivably lead to trabecular architecture that reflects specific joint loading regimes and, by extension, behavioral patterns within and between individuals and species (Kivell 2016) . In the absence of unique or repetitive loading conditions, the greater exposure of metabolically-active surfaces in the trabecular envelope may result in higher potential for intra-individual or intraspecific variation in architecture (Robling et al 2006) . The high absolute asymmetry observed in most trabecular bone features may result from just such a scenario of apparently stochastic variation in bone structure between right and left limbs in the same individuals.
The two trabecular bone variables with the highest levels of absolute asymmetry are bone volume fraction and connectivity density. Absolute asymmetry of both variables is significantly different from that of all other trabecular bone variables. By contrast, the trabecular thickness appears to be the least asymmetric of the trabecular bone variables, possibly indicating that trabecular thickness, at least during development, follows a predictable, regulated pattern of growth. The high bilateral asymmetry for both bone volume fraction and connectivity density are more difficult to interpret. Based on quantified trabecular bone properties in a large sample of extant adult primates, Ryan and Shaw (2013) suggested that variables such as bone volume fraction might be more plastic while connectivity density, due to results suggesting a stronger phylogenetic signal, appears to be more highly canalized. The demonstrated relationship between bone volume fraction and trabecular bone elastic properties (Hodgskinson and Currey, 1990a,b; Ulrich et al., 1999) suggests that variation in bone volume fraction within and between animals could be strongly related to variation in local joint loading. The lack of directional asymmetry in bone volume fraction, however, undercuts this argument, possibly suggesting non-mechanical determinants for this feature (Wallace et al., 2012; Wallace et al., 2015) . The significant bilateral asymmetry in the apparently less mechanically sensitive connectivity density suggests that this trait is much less genetically regulated. More work examining the nature of trabecular bone structural variation at all levels-interspecific, intraspecific, and intraindividual-is needed to delineate more effectively the relative contributions of various factors including phylogeny, genetic programming, diet, and biomechanics in determining trabecular bone architecture.
There are several limitations to the current study that potentially affect the strength of the conclusions. One important limitation is the small sample sizes used. The use of archaeological samples to address questions related to bone biology and biomechanics is frequently problematic due, in part, to limited sample sizes. Added to this issue inherent with archaeological samples are the limitations on sample size imposed by the relatively expensive and time-consuming characteristics of microCT scan data collection and processing. The small sample sizes used here and the potentially small effect size of the structural variables being investigated reduces the power of our analysis and tempers the impact of the results. Another methodological limitation of the current study is the use of metaphyseal trabecular bone rather than epiphyseal bone to characterize the ontogenetic changes in trabecular bone in the humeral head. This situation is unavoidable if the goal is to understand trabecular bone development in young individuals because the epiphysis is either incompletely formed or missing entirely in many skeletal samples. While characterizing ontogenetic changes of trabecular bone in the epiphysis is important and would be potentially very informative, limiting the analysis to individuals with an identified epiphysis would reduce the sample size even more and limit the age range available for study. In spite of the study limitations, these ontogenetic data are novel and provide unique insights into the development of both cortical and trabecular bone in the human postcranial skeleton. Future work should expand the sample sizes and also attempt to sample across the entire metaphysis and epiphysis to characterize bone structural development across the entire proximal humerus.
CONCLUSIONS
The current study provides novel data relating to the ontogeny of bilateral asymmetry in the human humerus. The results indicate that in this population of Native American agriculturalists from Eastern North America (Illinois), humeral midshaft cross-sectional geometric properties display significant directional asymmetry only in adults. It is estimated that approximately 69-91% of humans are right hand dominant (Annett, 1972 , Corballis, 1983 , Plato et al., 1984 , Trinkaus et al., 1994 , Blackburn, 2011 , so it is somewhat surprising not to find stronger ontogenetic patterns in the present study. The current study did not find significant directional asymmetry during development in a sample of prehistoric Native American agriculturalists in direct contrast to the studies by Lazenby et al. (2008) and Blackburn (2011) on multiple historical populations from Europe and Canada, respectively. Instead, this study found support for the presence of significant absolute asymmetry in the cortical and trabecular bone across all age groups in the sample, consistent with the findings of neonate asymmetry by Steele and Mays (1995) . The lack of a progressive increase in directional asymmetry in trabecular bone structure throughout ontogeny and the appearance of cortical bone asymmetry only in adulthood may be a byproduct of rapid remodeling of bone and whole-bone shape changes during development. As a result, local adaptation to loading that produces asymmetry during ontogeny may be overridden and only set or stabilized towards directional asymmetry once growth slows and ceases at the end of adolescence.
